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Abstract
Metal foils are commonly used for catalytic converters, vacuum insulations, in medical and electrical industry as well as for sensor
applications and packaging. The investigations in this paper determine the inﬂuence of reduced atmospheric pressure during the
welding process with a highly brilliant 400 W single-mode ﬁber laser combined with a 2D-scanning system. The laser beam is
transmitted through a highly transparent glass into a vacuum chamber, where AISI 304 stainless steel foils with a thickness of 25
μm, 50 μm and 100 μm are positioned. The eﬀects of reduced atmospheric pressure on the plasma formation are investigated by
means of high-speed videography. Furthermore, the geometry of the weld seam is compared to atmospheric conditions as well as
means of the process stability and the process eﬃciency. The welds were also evaluated by means of metallography. The research
is a contribution for extending the range of micro welding applications and shows new aspects for future developments.
c© 2014 The Authors. Published by Elsevier B.V.
Selection and blind-review under responsibility of the Bayerisches Laserzentrum GmbH.
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1. Motivation
There are trends towards energy and ressource eﬃciency in all sectors of the global industrial development and
manufacturing. Savings in material and the associated reduction of material thickness is an eﬀective method for a more
sustainable usage of existing resources. So the replacement of metal sheets with a thickness of several millimeters by
metal foils with a thickness of less than 100 μm is increasingly important. For example, these materials are used for
injection needles in medical technology, as diaphragms in sensors, for catalyst systems in the automotive industry or
in the packaging industry.
The rolled metal foils need to be joined for these applications. For micro welding of thin foils, the laser is particu-
larly suitable due to its ﬂexibility. (Park et al. , 2002) presented the characteristics of AISI 304 foils with thicknesses
of 10 μm to 60 μm using a Yb-ﬁber laser with a focus diameter of 10 μm. In addition to this, (Du et al., 2002) per-
formed investigations on equal foils, the inﬂuence of the clamping gap on the heat-aﬀected zone and introduced the
marginal lap welding concept. A research about microwelding and keyhole formation on stainless steel foils with a 40
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W single-mode Yb-ﬁber laser is given by (Miyamoto, 2003). Furthermore, (Chan and Man, 2010) optimized welds on
thin foil nickel-titanium shape memory alloy to improve the corrosion properties. In contrast to this, the combination
of a ﬁber laser and a scanning unit for fast beam deﬂections as shown in Patschger et al. (2011) and Patschger et al.
(2013) allows high feeding rates (up to m/s) as well as a deﬁned energy input for increased process eﬃciency.
In several cases special, demands on purity (oxidations) or quality are challenging for the weld seam or the whole
product like capsules for implantations, gas-tight bags or welding for aerospace applications. The welding under
vacuumwith an electron beam has been known over decades now, is well understood and has a very good controlability
(Longerich (2011), Schulze (2012)). In addition, Reisgen et al. (2013) investigated electron beam welding of special
materials, in particular titanium aluminides, which shows the wide range of applications. Under vacuum conditions,
several material properties and the process behaviour are changing. Essentially, there are changes in wetting behaviour
and viscosity, the melting temperature is reduced (vapor pressure, Longerich (2011)), shifted pressure equilibrium at
the keyhole as well as diﬀerent Marangoni convection (Boeck and Thess (1998)), heat transfer without convective
cooling and the reduced plasma generation due to less ionizable gas (Reisgen et al. (2013)).
Another promising technology is laser welding under vacuum conditions (Arata et al. (1985), Katayama et al.
(2011)). As well as electron beam welding, the process has to take place in a vacuum chamber where the atmosphere
can be adjusted. Compared to the electron beam, the laser is advantageous due to the lack of hazardous X-rays
(Longerich (2011) and Reisgen et al. (2013)). Furthermore, the laser beam can be transported into the vacuum chamber
by transmission through a glass and thus applied ﬂexible in diﬀerent vacuum chambers.
As shown above, a lot of research has been carried out for welding of thin foils at normal pressure and eﬀects of re-
duced pressure conditions were investigated for high power lasers and electron beams. But the process scalability and
size eﬀects under vacuum conditions are not fully understood until now, leading to a need for further investigations.
This paper concerns the inﬂuence of vacuum conditions on the micro welding process of 1.4301 / AISI 304 stainless
steel foils (cold-rolled, spring-hard, Record Metall-Folien (2013)) concerning the process range, plasma formation
and weld seam quality of the joints.
2. Experimental setup
For laser micro welding, laser sources with high brilliancy are common because of the small focal diameters and
hence high beam intensities (Patschger et al. (2013)). They ensure a proper aspect ratio of weld seam width and foil
thickness. Therefore, a 400 W single-mode ﬁber laser from TRUMPF (TruFiber 400; M2 < 1.1; λ = 1.070 nm) is
used for this investigation (Figure 1). The ﬁber has a core diameter of 11 μm and is connected to a TRUMPF PFO
20 2-dimensional scanning unit with a maximum scanning speed of 1 m/s and an imaging scale of 1:1.5. That results
in a calculated focal diameter of 16.5 μm with a Gaussian intensity distribution. The PFO 20 is positioned vertically
over a cuboid vacuum chamber with a glass plate on its top.
Fig. 1. Experimental setup for laser welding in vacuum conditions.
The clamping is realized by electromagnetic forces. An Al base plate has a linear welding groove under which
three solenoids are placed. The foils are positioned on the Al plate and ﬁxed by rotatable ferromagnetic pressure pads.
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It is possible to switch the clamping force, which improves the handling of sensitive thin foils. Therefore, electricity
(direct current) has to be conducted from the power adapter to the solenoids. The evaluation setup for separating
the eﬀects of the laser beam transmission through the vacuum glass consists of a calorimetrical power determination.
Figure 2 shows the measurements of the laser power. By transmitting the laser beam into the vacuum chamber, the
glass absorbs and reﬂects energy. The window material is borosilicate glass with a thickness of 10 mm and a chemical
surface hardening but without special coating. The linear loss of power is illustrated in the diagram, but it has to be
mentioned that the scanning unit is not designed and optimized for the usage with a ﬁber laser. The following beam
power data in this paper are revised from the measured losses.
Fig. 2. Power loss of the laser beam through the glass.
Furthermore, scanning probes were made on a glass plate with a graphite coating to verify the beam properties and
determine the exact working distance. The plate is positioned in the chamber under the scanner at an almost vertical
angle. By scanning lines (length of 70 mm before reaching the glass at a speed of 100 mm/s) the graphite evaporates
immediately and thus gives a good estimation of the beam properties. The glass substrate under the graphite coating
reﬂects the remaining power and reduces heat inﬂuences. Hence, it can be assumed that the thermal properties are
in the equilibrium state. The welding speeds for the probes are much higher and the seam length is only 30 mm.
Therefore the time for heating the optical elements is very short and a focal shift is to be disregarded.
3. Results and discussion
3.1. Process ranges for diﬀerent pressure conditions
In this paper, combinations of single 100 μm and 50 μm foils and overlap joints of two 50 μm and two 25 μm foils
are investigated. Therefore, the process was evaluated at atmosphere (atm) in the vacuum chamber. All probes have a
size of 50 x 20 mm2 and the weld seam is 30 mm long. The process ranges are shown in Figure 3. The lower process
boundary represents a complete penetration of the weld. Therefore, the power was increased until a weld seam root
formed. This transition is marked in the following diagrams as a single dot. So the boundary is deﬁned qualitatively
and detected by light-microscopy when a weld seam root is formed. Hence, no error bars are shown. The upper
boundary stands for the ﬁrst cut (interleaf) and represents the transition into the cutting regime. As described for the
lower process boundary, the ﬁrst cut is shown as a single point but was located by light-microscopy.
Due to the very small focal diameter and hence high intensity the process range is large for single 100 and 50 μm
foils. In comparison to the same total thickness, the upper boundary subsides for overlap joints as a result of the gap.
The lower boundary is ﬂat and it is assumed that a threshold intensity/power is needed for complete penetration. An
overlap joint for two 25 μm foils is weldable but only for two parameter conﬁgurations. While a single 50 μm foil is
still well penetrated, the overlap joint of two 25 μm foils is very sensitive. Small imperfections in tension (clamping)
are gaining importance because of the decreasing ratio of foil thickness to the other dimensions of the work piece.
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Fig. 3. (a) Process ranges for diﬀerent foil thicknesses at atmosphere; (b) Related energy per unit length plotted relative to the feeding rate.
The right diagram of Figure 3 shows the energy per unit length plotted relative to the welding speed. At maximum
welding speed the energy for full penetration of all foil conﬁgurations approaches to a similar level and is minimal
0.1 - 0.15 J/mm. But at low speeds, the thicker material diverges as expected from the thin one.
Ultra-thin foils are very sensitive to heat and deformation easily occurs. Therefore, the further presented research
concentrates on the lower process boundary, where full penetration is ensured and no excessive energy is present in
the process. Figure 4 shows a detailed resolution of the lower process boundary for diﬀerent pressures. It is shown that
at low pressure the boundary is consistent shifting to the right, which means that the needed energy is lower than at
atmospheric conditions. Overlapping joints of two 50 μm foils (right) show roughly the same behaviour as for a single
100 μm foil. Reasons for that behaviour might be the reduced shielding through plasma and the lack of convective
cooling (by air). This conclusion is conﬁrmed by Figure 5 (left) where the decreasing energy consumption is shown.
Fig. 4. Detailed plot of the lower process boundary under diﬀerent conditions.
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Fig. 5. (a) Energy per unit length relative to the feeding rate at diﬀerent pressures; (b) Weld seam width relative to the feeding rate at diﬀerent
pressures.
The lower the pressure the less power has to be applied for full penetration. In the right plot the seam width on the
top surface of the probes is measured by light microscopy. At high speeds, the width is slightly shifted upwards and
this tendency is increasing through smaller velocities. Reasons for this behaviour are, that more energy is available
at the same speed, the lack of conductive cooling and changed (Marangoni) convections in the melt pool around the
keyhole.
The examination of the top of the weld seam by light microscopy is shown in Figure 6 for the lower process
boundary (200 times enlargement). The left picture illustrates a weld at atmosphere and demonstrates the normal
tempering colors for the micro welding process at air with a narrowly inﬂuenced area. In the area of the solidiﬁed melt
imperfections are deposited at the surface. By further reduction of the pressure, the weld seam becomes completely
clean (<1 mbar). The oxygen concentration is below the threshold for diﬀusion into the foil.
For a pressure of 100 mbar and low feeding rates the weld seam is free of smoke but the inﬂuence of the heat
is signiﬁcantly wider than before as shown in the second picture (tempering colors). At high speeds this eﬀect
decreases. It can be assumed that a smaller plume/shielding (compare the investigations for plasma formation) allows
the diﬀusion of oxygen into the foil surface for a wider range. Furthermore there could be higher temperatures due to
the reduction of plasma and less convective cooling so the heat conduction into the foil comes to foreground. At high
speeds, the time for diﬀusion of oxygen into the surface of the foil becomes shorter and the tempering colors decrease.
Overall the process stability at the lower process boundary seems to be solid considering the quality over the length
of the welded seams.
Fig. 6. Top view of weld seams under diﬀerent pressures (0.15 J/mm, 547 mm/s).
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3.2. Micro sections
For further qualitative statements the weld seams were investigated by micro sections. All parameters are constant
except the pressure, so the weld seams are comparable due to the same energy per unit length (0.12 J/mm; 123 W) at
maximum speed. Foil combinations of 1x100 μm and 2x50 μm are shown in Figure 7 and Figure 8. The formation of
the weld seam is slightly tapered trapezoidal down, the buckle at the top is formed regularly and a light relapse of the
root is given. The ratio of width to height is about 1:3 to 1:4. Hence the seams are nearly equal at all pressures.
Fig. 7. Micro sections of blind welded 100 μm foils at diﬀerent pressure conditions.
For the overlap joint in Figure 8 a consistent gap can be observed. The inﬂuence on the weld formation seems to
be small hence a stable process is veriﬁed.
Fig. 8. Micro sections of overlap welded 50 μm foils at diﬀerent pressure conditions.
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3.3. Plasma formation
For the observation of the process and the determination of the plasma formation due to pressure reduction, a
high-speed video camera was placed in front of the vacuum chamber. The camera was positioned perpendicular to the
edge of the foil. The setup is shown in Figure 9, where the camera (orange) is schematically illustrated in front of the
clamping unit.
Fig. 9. Setup for highspeed videography in lateral (frontal) view.
An Optronis CR2000x2 camera is used for the investigations at a framerate of 2000 Hz and a resolution of 512x512
px. Due to the depth of ﬁeld the camera image is in focus for a given distance, otherwise the picture is diﬀuse. All
records were done with a welding speed of 100 mm/s and a power of 82 W. That gives basically comparable results,
which are shown in Figure 10. The left side shows a 2 mm high plasma torch over the melting pool at normal
atmosphere (about 1000 mbar). By reducing the pressure to 100 mbar it has nearly half the size. The next step shows
the formation of a gas jet vertical to the keyhole. The jet occurs clearly because the plasma shielding is low and the
missing static pressure of the atmosphere is not restricting the metal vapor. At even lower pressures, the plasma plume
almost disappears as a result of very limited ionisation.
Fig. 10. Plasma formation at diﬀerent pressure conditions.
4. Conclusion
The results show clearly, that the micro welding behaviour is overall comparable for diﬀerent pressure conditions at
the lower process boundary. As the pressure decreases, the energy per unit length decreases and the weld seam width
increases. This is contrary to the behaviour for thick materials, where seams become narrower. A signiﬁcant reduction
in plasma formation leads to clear surfaces without tempering colours, as long as a threshold for oxygen concentration
is not exceeded. Micro sections show, that the formation of the seam is the same in all cases and the inﬂuence of the
gap is insigniﬁcant, unless the clamping restraint is insuﬃcient. It was veriﬁed, that the process should be suitable for
further applications where high weld quality is required. Future investigations on other material combinations will be
carried out to improve the understanding of eﬀects of reduced pressure in micro welding of thin foils.
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